ABSTRACT: Tailoring the functionality of self-assembled monolayers (SAMs) can be achieved either by depositing prefunctionalized molecules with the appropriate terminal groups or by chemical modification of an existing SAM in situ. The latter approach is particularly advantageous to allow for diversity of surface functionalization from a single SAM and if the incorporation of bulky groups is desired. In the present study an organocatalytic isothiourea-mediated Michael addition−lactonization process analogous to a previously reported study in solution is presented. An achiral isothiourea, 3,4-dihydro-2H-pyrimido[2,1-b]benzothiazole (DHPB), promotes the intermolecular Michael addition−lactonization of a trifluoromethylenone terminated SAM and a variety of arylacetic acids affording C(6)-trifluoromethyldihydropyranones tethered to the surface. X-ray photoelectron spectroscopy, atomic force microscopy, contact angle, and ellipsometry analysis were conducted to confirm the presence of the substituted dihydropyranone. A model study of this approach was also performed in solution to probe the reaction diastereoselectivity as it cannot be measured directly on the surface.
INTRODUCTION
The functionalization of solid surfaces by means of selfassembled monolayers (SAMs) has become an active area of research since their first report by Sagiv in 1980. 1 One particular class of molecules that has attracted significant attention are silanes on hydroxyl terminated substrates. 2 Silanebased SAMs offer a significant advantage compared to their thiol on Au counterparts, in that they possess a stronger bond to the surface that allows a greater range of operation conditions in any further process.
3−5 Typically a silane-based SAM is constructed from a suitable alkylsilane precursor where the reactive headgroup consists of trichlorosilane (R−SiCl 3 ), trimethoxysilane (R−Si(OMe) 3 ), or triethoxysilane (R−Si-(OEt) 3 ). 6 The suitable precursor can be deposited on the surface using either solution 7 or vapor 8, 9 phase methodology. Such silane-based SAMs can be formed on any silica-based substrate such as glass, 10 mica, 11 and quartz. 12 These systems are physically, 13, 14 thermally, 15, 16 and chemically 2 stable and can be applied in various fields of bio-and nanotechnology, e.g., electronics, 17 sensors, 18−20 and micro-and nanoelectromechanical systems (MEMS and NEMS). 21 MEMS and NEMS are typically made of silicon and are increasingly finding applications as pressure and acceleration sensors, linear actuators, or valves. 21 The operating environments of MEMS and NEMS mean that they often require a chemical modification of the silicon surface to ensure a reliable operation. SAMs are central in this task because they provide a route for direct chemical modification of the structures and for modification of deposited monolayers in situ. [3] [4] [5] 22 In situ modification of SAMs offer an attractive approach to surface functionalization as a large variety of different organic reactions can be used to tailor toward a desired surface property. 5 Owing to their thermal and chemical stability, a broad range of chemical reactions can be applied to silane-based SAMs such as nucleophilic substitution, 23 reduction reactions, 24 supramolecular modification, 25 and click chemistry. 26, 27 The latter can build upon a molecular framework that is already in place, and structured molecular layers can be constructed from a bottomup approach. One of the most well-known click reactions is the Huisgen 1,3-dipolar cycloaddition that involves the reaction of an azide with an alkyne in the presence of a copper catalyst affording the corresponding 1,2,3-triazole. 28 The approach of using click chemistry to functionalize a surface has the advantage of being able to introduce bulky groups that may otherwise be difficult using classical organic synthesis methods. Building on the success of using click chemistry in the literature, we have pursued an alternative approach to surface functionalization. Our approach utilizes established click chemistry to generate a common reactive Michael acceptor on a Si/SiO 2 surface and uses a subsequent catalytic late-stage Michael addition−lactonization process using Lewis base organocatalysis to generate a small library of dihydropyranones on the surface.
Organocatalysis has now become one of the main methods for selective carbon−carbon bond formation and has received much attention over the past decade. 29, 30 Within the realm of organocatalysis the mode of action of the catalyst can generally be separated into four classes, namely Brønsted base, Brønsted acid, Lewis acid, and Lewis base catalysis. 31 Pioneered by Romo in 2001, the nucleophile-catalyzed aldol/lactonization (NCAL) reaction demonstrates that ammonium enolates can be readily generated and used in enantioselective reaction processes. 32 In this approach the catalytic generation of C(1)-ammonium enolates is achieved using a Lewis basic tertiary amine and readily available, bench-stable precursors at the carboxylic acid oxidation level. 33 Previous work in our group has demonstrated that isothioureas can catalytically promote the intermolecular Michael lactonization of arylacetic acids and trifluoromethylenones in the presence of pivaloyl chloride (to form a reactive in situ mixed anhydride), giving C(6)-trifluoromethyldihydropyranones in solution. 33 We envisaged that this methodology could be applied to the late-stage functionalization of selfassembled monolayers in situ as summarized in Figure 1 .
Numerous examples of using solid supports to anchor or tether organocatalysts to the surface exist in the literature, 34−37 but to the best of our knowledge using organocatalysis to immobilize a reactive species onto a surface has not been explored.
In this article we report a route for the organocatalytic in situ modification of trifluoromethylenone terminated SAMs that allows the direct late-stage formation of functionalized trifluoromethyldihydropyranones on a Si/SiO 2 surface. The organocatalytic Michael addition−lactonization process was studied by X-ray photoelectron spectroscopy (XPS), atomic force microscopy (AFM), contact angle goniometry (CA), and variable angle spectroscopic ellipsometry. General Procedure A: Surface Michael Addition−Lactonization with DHPB. To a round-bottomed flask containing a stirrer bar and a solution of acid (1 equiv) in CH 2 Cl 2 (3 mL) was added DIPEA (1.5 equiv) and pivaloyl chloride (1.5 equiv) at 0°C (see Supporting Information for details). The reaction mixture was allowed to stir at 0°C for 20 min. DHPB (5 mol %), the Michael acceptor terminated silica wafer, and DIPEA (2.5 equiv) were added at rt and allowed to react for 24 h. Upon completion, the lactone terminated wafer shard was removed and rinsed with CH 2 Cl 2 and sonicated in CH 2 Cl 2 and CHCl 3 for 5 min each. The lactone terminated wafers were dried under a stream of Ar.
EXPERIMENTAL DETAILS
Characterization and Instrumentation. Each surface was characterized by its water contact angle (CA) to determine the wettability and hence obtain information about the surface termination. Atomic force microscopy (AFM) was employed to determine the cleanliness and roughness, X-ray photoelectron spectroscopy (XPS) to determine the chemical composition, and variable angle spectroscopic ellipsometry (VASE) to determine film thickness. Details are given below:
Contact Angle Measurements. Static contact angles were measured with Millipore filtered DI water using a G10 contact angle goniometer (Kruss GmbH, Hamburg, Germany) in ambient conditions. Droplets of ∼3 μL were dispensed from a microburet.
Contact angle values reported below were taken from an average of at least two samples, each sample's contact angle being the average of the contact angle measured on each side of three droplets.
Atomic Force Microscopy. For AFM analysis a Bruker Dimension Icon system was employed in PeakForce Tapping mode using Vshaped cantilevers (Veeco SNL-A) of nominal spring constant 0.58 N/ m and a nominal tip radius of 2 nm. The peak force set point was 1−4 nN, and the scan rate was 1 Hz. The RMS roughness of each surface was characterized from 1 × 1 μm 2 images of 512 × 512 pixels after appropriate image leveling. Quoted roughness values were calculated from an average of at least two samples and three images of each sample.
Ellipsometry. The thickness of the SAMs was measured with an M-2000DI spectroscopic ellipsometer (J.A. Woollam Co., Inc., USA). Film thicknesses were extracted from fits to data collected at angles of incidence of 45°−75°in steps of 5°over wavelengths of 600−1600 nm. The sample was modeled as a 1 mm thick Si substrate with an oxide layer of 1.7 nm atop which a Cauchy layer was used to represent the SAM. The thickness of the Cauchy layer was calculated using a value of 1.45 for the refractive index of the SAM at ∼1000 nm. 38, 39 The quoted thickness values were calculated from an average of at least two samples with data collected from two areas of each sample.
X-ray Photoelectron Spectroscopy. XPS spectra were obtained using a Scienta 300 XPS instrument and Al Kα radiation. The base pressure in the test chamber was around 1 × 10 −8 mbar. The detector had a takeoff angle of 90°relative to the surface. Survey spectra and single region scans were recorded with the analyzer pass energy set to 150 eV. Some XPS spectra were also obtained using a K-Alpha instrument (Thermo Scientific) and Al Kα radiation (NEXUS, Newcastle). During the analysis, the pressure in the instrument chamber was kept around 3 × 10 −8 mbar. The detector had a takeoff angle of 90°relative to the surface. Survey spectra were recorded with the analyzer pass energy set to 200 eV. Single region scans were recorded with the pass energy of the analyzer set to 20 eV.
The XPS spectra were corrected for charging by shifting the aliphatic C 1s peak to 284.6 eV. Elemental compositions of the various surfaces were determined using CasaXPS (Casa Software Ltd., UK) from the area under individual elemental peaks using sensitivity factors provided with the software as well as taking the transmission function of the analyzer into account. A Shirley background was subtracted, and the spectra were fitted using Gaussian−Lorentzian (30% Gaussian, 70% Lorentzian) peak shapes.
RESULTS
Formation of CF 3 Enone Terminated Surface 6. The trifluoromethylenone terminated surface 6 was formed in three steps from hydroxyl terminated wafer 1 (Figure 2 ). All samples were free of contaminants by optical inspection. Physical characteristics of each of the surfaces (clean silica 1, bromine 3, azide 4, and enone 6 terminated samples) are summarized in Table 1 from an average of at least two samples of each type and described in more detail in the following section.
Clean Si/SiO 2 Wafer 1. The cleaned silica substrates 1 displayed very low water contact angle values (∼5°−20°) as expected. The surfaces were smooth and free from contaminants. Using ellipsometry, a thickness for the silicon oxide layer of 1.70 ± 0.10 nm was determined and was used in the analysis of ellipsometry data for subsequent surfaces.
Bromine Terminated SAM 3. A contact angle of around 83°w as a clear indication of the formation of a well-ordered bromine terminated monolayer 3 on the silica substrate. 23, 40 AFM showed a slight increase of surface roughness over the clean Si/SiO 2 (0.090 to ∼0.100 nm) while a thickness of 1.90 nm is consistent with monolayer coverage. Azide Terminated Surface 4. A decrease of the water contact angle by around 3°was measured as a result of the surface modification with sodium azide. A slight but not statistically significant decrease in the thickness of the organic layer was measured by ellipsometry. The surface roughness increased by a small amount. XPS survey spectra indicated a lack of Br and an introduction of nitrogen as a result of the reaction. High-resolution XPS was used to quantify the proportion of the molecules converted from bromine to azide termination by comparison of the areas of the Br 3d 3/2 and N 1s peak areas. Conversions of around 80% were routinely obtained. The N 1s region of azide samples consists of three peaks of equal area corresponding to the three nitrogen atoms in different chemical environments. Peaks were fitted under the restriction of equal width and area with binding energies 3.3 and 3.9 eV lower than the peak with the highest binding energy. 41, 42 Conversion to Trifluoromethylenone Surface 6. Trifluoromethylenone 5 was attached to the surface via a click reaction with the azide functional groups. Clear changes in the contact angle, thickness, and surface roughness accompanied this step. Appropriate postreaction cleaning ensured a clean surface (AFM image shown in Supporting Information as Figure S1 ). XPS survey spectra confirmed the presence of fluorine on the surface after the reaction (see Figure S2 ), while AFM showed minimal unbound material which suggests the click reaction was successful. The N 1s region of the XPS of these samples sometimes included signals from nitrogen atoms characteristic of the 1,2,3-triazole only (Figure 3a) , but often peaks from nitrogen atoms in residual azide groups were also observed (Figure 3b ). The N 1s signal from the 1,2,3-triazole group was composed of three peaks relating to nitrogen atoms in three different chemical environments fitted under the restriction of equal area and width with binding energies 1.3 and 2.0 eV lower than the peak with the highest binding energy. 41, 42 For spectra with residual azide groups, identifiable by a small peak at ∼404.5 eV, the same fitting procedure as in the case of the pure azide surface 4 was applied.
By comparing the area of N 1s peaks associated with the triazole to the total N 1s signal (consisting of triazole and remaining azide groups), the conversion of the click reaction was determined. Some samples showed quantitative conversion (Figure 3a) , while the average conversion of the click reaction across all samples was calculated to be around 89%.
High-resolution XPS data were collected for the C 1s region (see Figure 4) , which confirms the attachment of the trifluoromethylenone group through the appearance of peaks of equal area at around 292.5 eV (marked C1 E ) and 288.3 eV (marked C2 E ) relating to the carbon atom of the CF 3 group and that of the carbonyl, respectively. A shoulder to the aliphatic peak is also fitted at around 286.1 eV corresponding to carbon atoms that are near neighbors of nitrogen atoms and the trifluoromethylenone group.
Formation of Dihydropyranones on the Surface. A summary of the data recorded for the substituted dihydropyranone samples is shown in Table 2 . Each value is an average calculated from at least two examples of each dihydropyranone species.
The generality of the Michael lactonization process was investigated through variation of the arylacetic acid component. Using the standard conditions (outlined in General Procedure A), the reaction readily tolerates heteroaryl (3-thiophenyl) as well as 4-aryl substitution, including electron-donating (4-NMe 2 ) and electron-withdrawing (4-CF 3 ) substituents ( Figure  5 ).
Formation of dihydropyranone terminated samples was generally accompanied by a small drop in contact angle compared to that of the enone samples. The Michael addition− lactonization step increased the thickness of the organic layer by around 0.5−1.3 nm in comparison to the enone samples to a total value of around 3.1−3.9 nm. The roughness of the dihydropyranone films was greater than for the enone samples, as a result of the additional reaction step. The surface cleanliness was also reduced as could be identified by AFM (see Figure S3) and by comparing the roughness of the dihydropyranone surfaces 8−12 with that of the enone 6.
Formation of the dihydropyranone was confirmed by the appearance of a peak at ∼289.6 eV in the C 1s XPS spectra corresponding to carbonyl species (Figure 6) , along with the appearance of "marker" atoms in the survey and high-resolution spectra. For example, the formation of the thiophenesubstituted dihydropyranone 10 was confirmed by the appearance of a peak relating to the sulfur atom in the thiophene (inset to Figure 6 ). In addition to a peak for aliphatic carbon atoms, four peaks were identified in the C 1s region which were found to be at around 292.5 eV (labeled C1 E + C1 L ), 289.7 eV (labeled C3 L ), 288.3 eV (labeled C2 E + C2 L ), and 286.0 eV and account for carbon atoms in different chemical environments. The peaks at 292.5 and 288.3 eV were fitted with the constraint of having equal areas as both have their origin in the formation of the enone species 6. These peaks contain carbon atoms in unreacted enone species (atoms marked C1 E and C2 E ) and strands successfully converted to lactone species (atoms marked C1 L and C2 L ). A smaller peak labeled C3 L appears at around 289.6 eV due to the formation of the dihydropyranone. The final shifted peak at around 286.0 eV accounts for carbon atoms in electronegative environments adjacent to the nitrogen atoms, near neighbors of carbons C1 E , C1 L , and C3 L , and bonded to some of the lactone "marker" atoms, for example, the carbon atom to which the F atom is bonded in the related lactone 9.
Furthermore, Figure 7 shows the C 1s region for trifluoromethyl-substituted dihydropyranone 12. The area of the peak at 292.5 eV is increased over that of the enone terminated surface 6 by the Michael lactonization step as can clearly be seen in the spectra. The area of the peak labeled (C1 E + C1 L + C4 L ) is equal to the sum of the areas labeled (C2 E + C2 L ) and C3 L , confirming the success of the Michael lactonization step.
C 1s regions fitted in this way gave consistent results across all lactone samples. The conversion, c, from enone 6 to dihydropyranone via Michael lactonization was calculated from the relative area of peaks labeled (C2 E + C2 L ) and C3 L in a The conversion percentages were calculated from the relative areas of XPS C 1s peaks marked (C2 E + C2 L ) and C3 L as described in the text. Table 2 ). No unidentified sulfur or nitrogen was present in the XPS spectra, confirming that the catalyst 7 was successfully removed from the surface during the reaction and/ or by the postdeposition cleaning procedure. To further probe the catalytic necessity of the isothiourea for surface functionalization, a control reaction was performed where a trifluoromethylenone sample 6 was exposed to the Michael addition-lactonization conditions with the omission of the catalyst DHPB 7. Formation of a dihydropyranone was not observed and the surface had properties equivalent to that of other trifluoromethylenone surfaces.
Model Study in Solution. While XPS allows the reaction conversion to be estimated, none of the methods of characterization allow the diastereoselectivity of the organocatalytic process on the surface to be evaluated. To estimate the level of diastereocontrol that may be expected in this process, a model system was devised whereby a system analogous to that assumed on the Si/SiO 2 surface was subjected to the same reaction conditions in solution. A solution analogue of the surface tethered trifluoromethylenone (see Figure S4 ) was designed to undergo an analogous Michael addition-lactonization (Figure 8 ). The diastereoselectivity of the solution Michael lactonization reaction was measured by 1 H NMR spectroscopy, a dr of 80:20 obtained (see Supporting Information for details). This level of relative stereocontrol, combined with the 1 H− 1 H coupling constants of J 10.9 and 3.8 Hz for the major diastereoisomer, is consistent with the expected "anti"-stereocontrol observed in previous solution based studies.
DISCUSSION
Formation of the Trifluoromethylenone Surface. Formation of a well-ordered bromine terminated SAM 3 is important for the success of the modification of the surface. The contact angles for the bromine 3 and azide 4 SAMs are in agreement with those observed previously. 5, 23, 40 The thicknesses of the bromine 3 and azide 4 terminated films were marginally higher (by ∼0.3 and ∼0.2 nm, respectively) compared to previous reported values. 43 A small decrease in thickness as a result of the bromine to azide conversion was indicated by ellipsometry but was well within experimental error. A thickness increase of ∼0.14 nm has previously been reported for this reaction. 43 The relatively large thickness for the bromide film 3 reported here could be a result of this surface having a high affinity for the adsorption of atmospheric contaminants. Average conversion rates of around 80% were observed for the bromine to azide reaction, which is to the lower end of the conversions previously published for this reaction on a surface. 5 Along with the greater thickness for our monolayers this might imply that our bromine terminated SAM 3 was slightly contaminated. A more densely packed film than some of those previous reported in the literature could also result in a slightly lower conversion rate if the access to the remaining Br groups becomes difficult due to steric constraints.
Formation of the trifluoromethylenone 6 was accompanied by a clear peak in the C 1s XPS spectra at ∼292.5 eV (Figure  4 ), relating to a −CF 3 group. 8 AFM measurements showed a reasonably clean surface. Along with an increase of thickness of the organic layer this implies that the click reaction was Figure 7 . C 1s region of the XPS spectrum of a trifluoromethyl lactone sample 12. The data may consist of peaks from both enone 6 and lactone 12 terminated strands with their relative population described by the conversion. successful and the trifluoromethylenone was covalently bound. High-resolution XPS spectra of the N 1s region was used as further confirmation of the click reaction. Peaks relating to nitrogen atoms in unreacted azide moieties were clearly distinguishable from those relating to the triazole structures. A conversion of around 89% was typically calculated for the reaction. Some samples showed higher conversions when the azide peak was indistinguishable from the noise background in the N 1s XPS spectra. The samples with higher conversions in the click reaction are possibly linked to samples whose initial Br SAM 3 was slightly less densely packed, thus allowing better access.
Formation of Dihydropyranone Surface. The functionalization of a Si/SiO 2 surface 1 through Michael lactonization was explored as a potential route to the incorporation of the dihydropyranone structure to the surface. This reaction process was chosen because of its generality, scope and ease of operation, and the possible diversity of functionalization by changing the arylacetic acid component of the reaction. Five different arylacetic acids ( Figure 5 ) were selected from the previously reported study 33 and tested in the Michael addition−lactonization process on the surface. Each had "marker" atoms such that formation of the lactone was clearly identifiable in XPS survey spectra.
A variation in water contact angle values was observed (Table  2) for different substituted dihydropyranone terminations, indicating that the araylacetic acid component was exposed to the surface of the sample. As might be expected, the trifluoromethyl-substituted dihydropyranone 12 had the largest contact angle of the lactones due to the nature of the CF 3 group. The contact angle of the para-CF 3 -substituted dihydropyranone 12 was not very much different than that of the trifluoromethylenone terminated precursor surface 6 as similar groups were likely exposed during contact angle measurements: both terminations possess hydrophobic (−CF 3 ) and hydrophilic (CO) components. The roughness of the dihydropyranone films was greater than for the enone terminated samples as a result of the additional reaction step and can be understood in the context of the 40−70% conversion of enone surface 6 to substituted dihydropyranone terminated surface. The thiophene-substituted dihydropyranone 10 showed the highest surface roughness and a reasonably low contact angle relative to other dihydropyranone samples which could indicate degradation. However, no evidence of this could be seen in XPS spectra or thickness of the organic layer.
The Michael lactonization increased the average thickness of the organic layers by 0.5−1.3 nm, a reasonably large amount considering the size of the additional structure. In the fitting of ellipsometry data n = 1.45 was used for the organic layer. 38, 39 Refractive indices of n ∼ 1.55 are sometimes measured for aromatics on surfaces. 44 If n > 1.45 were used, it would have the result of decreasing the fitted film thickness. For example, if a value of n = 1.55 is used for the trifluoromethyl dihydropyranone surface 12, the measured thickness of the organic layer drops from 3.76 to 3.08 nm. However, the whole organic layer does not consist of aromatic rings, and hence a refractive index between 1.45 and 1.55 may be the most appropriate. Unfortunately, the true refractive index and layer thickness cannot be determined simultaneously due to strong parameter coupling in fits to ellipsometry data for very thin films such as those studied here.
XPS is an invaluable tool for use in the confirmation of the success of each modification step. The arylacetic acids employed in this study were chosen with their "marker" atoms in mind. For the thiophene-substituted dihydropyranone 10 the appearance of sulfur in the XPS survey spectra confirmed that the thiophene moiety was present on the surface. Likewise, the appearance of Br, and excess F and N confirmed the presence of the related dihydropyranones on the sample surfaces. The conversion to and formation of the lactone ring was confirmed by the appearance of the peak labeled C3 L in the C 1s high-resolution XPS data ( Figure 6 ). The validity of this assignment is most clear in the spectra for the trifluoromethyldihydropyranone 12 where the peak labeled (C1 E + C1 L + C4 L ) due to the CF 3 groups is inflated relative to the peak labeled (C2 E + C2 L ) by an area equivalent to that of peak C3 L . The chemical environments of carbons marked C1 L and C2 L in the dihydropyranone structures should be very similar to those marked C1 E and C2 E , respectively, of the enone terminated surface 6. If the peak assignment in the C 1s regions for both enone and dihydropyranone species is correct, then peaks marked C1 E , C1 L and C2 E , C2 L should appear at equivalent binding energies with little deviation between individual data sets. Across all enone and dihydropyranone samples peaks C1 E and (C1 E + C1 L ) appear at 292.5 ± 0.1 eV. Peaks C2 E and (C2 E + C2 L ) appear at 288.3 ± 0.2 eV over all enone and dihydropyranone terminated samples. Likewise, the position of the peak C3 L for dihydropyranone samples was consistently fitted at a binding energy of 289.6 ± 0.4 eV under the single constraint of equal peak widths for all C 1s peak.
The conversion from enone 6 to dihydropyranone terminated surfaces was calculated to be 40−70% across all functionalizations. Assuming an average value of 50% for this step, the total conversion of the bromine SAM 3 to dihydropyranone terminated surfaces was around 36%. However, the lactone structure will have a much larger "radius" than that of the bromine SAM 3 such that a large fraction of the surface area may be covered by lactone species. The density of Si−OH groups on silica surfaces available for attachment of SAM molecules is between 4.5 and 5 nm −2 . 10, 45, 46 If a density of Si−OH groups on silica surface of 4.5 per nm 2 is used and one bromine terminated precursor molecule 2 attaches to each available Si−OH, then the radius of the cylinder within which each strand in the monolayer exists is approximately 0.27 nm. With a total conversion of bromine 3 to dihydropyranone terminated strands of 36% on average, a radius of approximately 0.44 nm is calculated for each lactone strand. This value does not appear to be huge given the bulky nature of the groups attached to the surface. Therefore, while the ultimate conversion of bromine terminated strands 3 to lactone species was reasonably low, the density of lactone species and their surface coverage are relatively high. Higher conversions for the Michael lactonization reaction might be observed if the overall film coverage was lower: i.e., if the initial Br terminated monolayer 3 were less densely packed, then there is likely to be greater space between adjacent SAM molecules, potentially allowing more accessibility for the arylacetic acid and catalyst 7 in the lactonization step. Finally, we note that the catalyst 7 used for the Michael lactonization contains sulfur and nitrogen atoms, but no excess S or N was observed in the XPS survey scans and high resolution spectra; thus, it appears that the catalyst was removed from the surface.
CONCLUSIONS
In this work five separate dihydropyranone species have been formed on a silicon oxide surface 1 through organocatalytic functionalization of arylacetic acids promoted by the achiral isothiourea DHPB 7. Each of the arylacetic acid components tested formed the lactone structure with a conversion rate of 40−70%. As such, the route presented is an effective method to build a variety of complex surfaces containing this functionality. The consistency of this methodology suggests that a wide variety of phenylacetic acid derivatives would also work on the surface, suggesting this may be a flexible methodology for surface functionalization. Holmes et al. 47 demonstrated that a Pd-mediated cross-coupling reaction can successfully take place on the surface using aryl bromides and a series of aryl boronic acids, which opens up the possibility of further functionalization on the surface.
While the achiral isothiourea catalyst DHPB 7 was used in this study, previous work in our laboratory has shown that chiral isothioureas can induce high diastereo-and enantiocontrol in a variety of Michael addition−lactonization processes in solution and this might present an opportunity for the in situ formation of chiral surfaces. This is currently under investigation in our laboratory. 
